T
he noninvasive assessment of intrinsic sources of heart period (HP) variability is an area of great interest in medicine and physiology [1] . Spectral analysis of HP variability is a method that has been widely recommended and employed in deriving indices that reflect sympathetic and parasympathetic cardiovascular influences [2] - [5] . This technique extracts from beat-to-beat variations in HP spectral components that differentially reflect autonomic mediators of cardiovascular variability.
A fast, high-frequency (HF) component (−0.25 Hz) corresponding to the frequency of respiration (reflecting cardiac vagal activity) and a slower, low-frequency (LF) component (−0.10 Hz) due primarily to baroreceptor-mediated regulation of blood pressure have been consistently found in the power spectrum of the electrocardiogram (ECG) [4] , [6] . LF spectral power has been speculated to primarily reflect sympathetic activity [7] , [9] , though varying levels of parasympathetic influence can been found at this frequency under certain conditions [5] , [10] .
The central frequencies of these spectral components have also been suggested as useful indices of physiological function. Recently, the central frequency of the LF component has been found to be decreased in patients with autonomic dysfunction [l] . Importantly, the central frequency of the HF component may serve as an index of respiratory frequency (RF) when more direct measures are not available. Given that some researchers have suggested that measures of HP variability may need to be corrected for respiratory parameters such as RF [11] , the utility of this index needs to be investigated. This may be particularly useful in ambulatory settings where the strain gauge measurement of respiration might be difficult or compromised. In this article we report the results of a pilot study and a larger investigation that examined the relationship between respiration frequency assessed using the traditional mercury strain gauge and using the central frequency of the HF component derived from autoregressive spectral analysis.
Pilot Study

Method
Participants and Procedure. Participants were 20 individuals randomly selected from a group of participants involved in a larger study [12] . One week before the experimental session, all participants were given a tour of the laboratory and a description of the recording methods and tasks to be used in the upcoming session. At the experimental session, a description of the experimental procedures was orally presented to the participant, electrodes were attached, and the participant was seated in a recliner chair in a small sound-attenuated room adjacent to the central equipment room. The participant was alone in the room, with door closed, throughout the remainder of the experiment, and the experimenter communicated with the participant via intercom.
The ECG was recorded using two Ag-AgCI 7 mm electrodes (UFI Corp) filled with Reclux electrolyte placed on the right and left lower rib cage; all elec-trode impedances were reduced to less than 10 kΩ using Omniprep skin preparation (Omniprep, Inc.). ECG signals were amplified using a Gould Model 11-5407-58 Isolated Preamplifier and a Gould Model 134615-58 Universal Amplifier. The signal was collected using a MetraByte Dash1 6/16F A/D board and a Swan 486/33 computer. The signal was collected at 1,000 Hz. Spectral analysis of the cardiac interbeat interval series was conducted using software that performed an autoregressive algorithm [13] , run on a Swan 386/20D PC. Respiration was recorded via a strain gauge attached around the participant's abdomen at the level of the umbilicus. The respiration signal was amplified using a Gould Model 11-5407~58 Isolated Preamplifier and a Gould Model 13-4615-58 Universal Amplifier and recorded onto thermal paper. Respiration records were hand-scored from the paper record and expressed as breaths per minute (SGResp).
The participant was instructed to keep eyes closed throughout the experiment. Eleven experimental epochs were analyzed for this report. A 5-min baseline recording period was followed by instructions to the participant to relax for the next several minutes by focusing on his/her breathing and allowing thoughts to merely wander. Recordings were obtained from three 3.5-min periods during this relaxation task. Another 5-min baseline recording period followed. Then, the participant was instructed to begin the mental effort task. Three 3.5-min recordings were obtained from this mental effort task period. Two additional 5-min baseline periods followed. Finally, another mental effort task lasting 8 min was performed.
Quantification of Dependent Measures.
Frequency-domain measures derived from autoregressive spectra were calculated on the 11 experimental epochs. During data collection, software recognized the R-spike of the electrocardiograph signal and determined the temporal separation between adjacent R-spikes (interbeat intervals). Following data acquisition, a preprocessing algorithm replaced artifactual or arrhythmic intervals with estimates based on interpolation from the two preceding and two succeeding valid intervals. The autoregressive algorithm then calculated the autoregressive coefficients that define the power spectra for that series. The program computed the model that gave the best statistical estimate and printed out power values for each spectral component in the model. Power values are given in power spectral density units (ms 2 * Hz
). Peaks in the low (0.039-0.15 Hz; "LF") and high 1.18-0.35 Hz; "HF") frequency ranges were extracted. The power in the low-frequency component is due to baroreceptor-mediated blood pressure variations and is a function of relatively slow modulation by both sympathetic and vagal mechanisms [5] , [14] . The power in the high-frequency component reflects the relatively fast respiratory modulation of cardiac parasympathetic activity [5] . Finally, the central frequencies (in Hertz equivalents) of the LF (LFfreq) and HF (HFfreq) spectral peaks were also calculated. The HFfreq has been suggested as an index of average breathing frequency. These values were then converted to breaths per minute for comparison with the hand-scored respiration records. A complete description of the data acquisition and analysis is provided in [13] .
Statistical Analysis. Pearson correlations were calculated for the SGResp and HFFreq values between participants for each of the 11 experimental epochs separately. Dependent t-tests were used to test the difference in mean values between the SGResp and HFFreq values for each experimental epoch. In addition, the correlation of the average values for SGResp and HFFreq across the 11 experimental epochs was calculated. These analyses comprised the between-persons examination of the concordance of the two indices of respiratory frequency. Furthermore, within-persons correlations were calculated for each of the 20 participants across the 11 experimental epochs. The average of these values was also computed. In addition, the correlation of the average values of SGResp and HFFreq for each participant across the 20 
Results
The Table 1 . The average mean difference among respiratory frequency estimated using the two methods was 1.1 breaths per minute. After control for Type I error, none of the t-tests on the difference between the indices for any of the experimental epochs was statistically significant. The correlation of the average values for SGResp and HFFreq across the 11 experimental epochs was 0.67, p < 0.05. The difference among the average of these two indices was 1.2 breaths per minute.
The within participant correlations for each of the participants ranged from 0.08 to 0.99. The average of these values was 0.55, p < 0.05. The means and standard deviations for each participant for SGResp and HFFreq appear in Table 2 . The correlation between the average SGResp and HFFreq for the 20 participants was 0.52, p < 0.05. The difference between the average of these two indices across participants was 1.15 breaths per minute. After the removal of two participants whose SGResp values were extremely low and thus likely to be artifactual, the correlation between the average SGResp and HFFreq for the remaining 18 participants was 0.88, p < 0.001. The difference between the average of these two indices across participants was 0.42 breaths per minute.
Main Study
Although the pilot study was encouraging, the small sample size may have been problematic. In particular, it may have contributed to a Type II error due to low power on the t-test comparisons between the two methods. In addition, due to the small number of observations, methods to examine the limits of agreement were not applied. Moreover, the use of hand scoring of the strain gauge respiration data may have been unreliable. We rectified those problems in the main study. Here the sample size was large and the limits of agreement were examined. In addition, the strain gauge respiration data were computer scored and verified by trained observers.
Methods
Participants. As part of a larger study examining picture presentation time, 112 female University of Granada students comprised the final sample. They were given course credit for their participation. None were undergoing psychiatric or pharmacological treatment for any known disease or psychological disorder. All participants had normal or corrected to normal vision and hearing.
Physiological Recording and Data Reduction.
A Coulbourn polygraph (Model Link) was used to record ECG data. Data acquisition (sampling rate = 1,000 Hz) was monitored by computer.
ECG data were recorded using three Ag-AgCl electrodes placed as follows: one electrode on the right arm, one on the left leg, and a ground on the right leg. Beat-to-beat heart rate data were extracted and a semi-automated process was used to correct these data for artifacts within VPM. This process yielded baseline time series of 2-min duration. Respiration was measured in the present study via mercury strain gauge. The respiration data were computer scored using specially designed software that in addition to respiration frequency provided estimates of inspiration time, expiration time, inspiratory pause, expiratory pause, and respiration amplitude. These additional data will not be further discussed here. The data were examined by expert observers to confirm an at least acceptable signal quality but no efforts were made to exclude data simply on the basis of low values.
Spectral analyses using an autoregressive algorithm were performed as above. The frequency-domain measure of high-frequency (HF: 0.15-0.4) power that has been associated with respiratory-modulated parasympathetic outflow was used to index vagally mediated HRV. The central frequency of the high-frequency component (HFFreq) was used as an index of respiration in the present study.
Procedure. Prior to the experimental session, we conducted an interview in order to ascertain age, visual or auditory deficits, health, and pharmacological or psychiatric treatment. After receiving instructions and having the electrodes attached, participants were left alone in a darkened room. A 2-min resting baseline preceded the presentation of the stimuli for the larger experiment. 
Scatterplot of SGResp and the high-frequency frequency data.
between the SGResp and HFFreq values. In addition, a Bland-Altman [16] plot was constructed to examine the limits of agreement and to look for systematic bias in the data.
Results
The scatter plot of the data showing the relationship between SGResp and HFFreq is presented in Figure 1 . Between-person correlations were highly significant (Spearman's rho = 0.79, p < 0.001). In addition, t-test indicated no significant difference between the estimates, t (111) = 1.71, p = 0.09. The estimated bias (mean difference between the methods) was 0.41 (+ 0.48) breaths per minute. Examination of the raw data and the scatter plot indicated that at low breathing frequencies the SGResp had a tendency to yield spuriously low values. The Bland-Altman plot (see Figure 2) confirmed this observation. When we excluded nine persons with respiration values below 10 by either estimate, the estimated bias was reduced to 0.14 (+ 0.53), the t-value reduced to 0.819, p = 0.42, and the correlation increased to 0.82, p < 0.0001. In addition, the limits of agreement became smaller.
Discussion
In the pilot study, between-and within-person analyses suggest that HFFreq may be a useful index of respiratory frequency when other more direct measures are not available. Whereas the correlations were acceptable, the mean differences indicated a very good resolution of approximately 1 breath per minute. Importantly, the correlation between the average SGResp and HFFreq for the 18 participants with reliable strain gauge data was 0.88, a value that is very respectable. Given that it is likely that these average individual indices would be the ones most useful for correction of HF power values for respiration, our results support the utility of HFFreq in studies of noninvasive assessment of autonomic function.
The results of the main study replicated and extended the results of the pilot study. On a large sample the between-person correlation was large, nearly identical to the within-person correlation of the pilot study, and highly statistically reliable. In addition, in this large sample the estimated bias was not statistically significant. The main study also revealed that the SGResp may be problematic at low breathing frequencies.
We must also note that the assessment of the central frequency of the spectral components is best achieved using modern spectral analytic techniques such as the autoregressive algorithm employed in this study. Classical approaches to spectral analysis based on the Fourier transform produce point spectra that make the identification of the central frequencies of the spectral c o m p o n e n t s p r o b l e m a t i c . T h e autoregressive approach is truly a components analysis and produces a smooth spectra, making the identification of central frequencies practical [15] . The use of this technique may be particularly well suited to ambulatory recording where measurement of respiration may not be practical or possible. 
